| INTRODUCTION
Heifer rearing is of major importance in modern dairy farms, for two main reasons: decreasing age at first calving and optimizing future performance. A higher growth rate during the first 6 months of life has been shown to decrease the age at first calving, reducing rearing costs and shortening the non-productive life of the heifer (Ettema & Santos, 2004) . In addition, a younger age and larger body weight at first calving have been associated with a higher first lactation performance and thus profitability (Bach & Ahedo, 2008) .
Although heifer rearing has gained interest over the last years, a recent study in UK dairy heifers has shown a very poor growth preweaning, with negative effects on health and welfare of the calves (Bazeley et al., 2016) . Hence, optimization of rearing strategies is necessary. As early body weight accretion is most efficient (Bach & Ahedo, 2008) , dairy farmers have been stimulated to maximize the growth of their calves during the first months of life, especially during the pre-weaning period. Therefore, the effects of enhanced liquid feeding have been abundantly investigated, with promising results on short-term performance, in particular during the first lactation (Moallem et al., 2010; Shamay et al., 2015) . However, little is known about the long-term effects of this "accelerated feeding" on fertility, metabolic health and lifespan.
At Ghent University, we are currently studying the impact of the prenatal environment on the offspring, with a special interest in high producing dairy cattle. The first findings of our research reveal interesting environmental and maternal influences on placental development (Van Eetvelde et al., 2016) and offspring phenotype (Kamal et al., 2014 (Kamal et al., , 2015 , providing clear evidence for metabolic programming in dairy cattle ). Yet, the long-term effects of these prenatal factors and more explicitly the potential interaction between the pre-and post-natal environmental influencers are largely unknown.
As we found remarkable similarities between our results and those reported in human medicine, the human model enables us to assess the potential long-term consequences of our current management system in terms of heifer rearing and hence may teach us how to improve it. The "thrifty phenotype hypothesis" initially proposed by Barker states that a poor prenatal environment induces permanent changes in the metabolism of the foetus, preparing it for similar conditions after birth (Hales & Barker, 2001 ). During periods of limited feeding, matching with the prenatal environment, the offspring benefits from their thrifty phenotype. Yet, when there is an abundance of nutrients in the post-natal life, a mismatch between the pre-and post-natal environment may develop, with potential detrimental consequences for later performance.
As previously mentioned, farmers are currently stimulated to maximize the daily growth of their heifers during the first months of life in order to optimize performance in the short term. Mainly during the pre-weaning period, enhanced liquid feeding is used to achieve a rapid growth. Studies in human babies report the first year of life to be crucial in the development of the adult phenotype (Soto et al., 2003) , and studies in mice have shown that especially the pre-weaning period is of major importance, while the effect of later catch-up growth is minor (Jimenez-Chillaron et al., 2006) . Hence, the enhanced liquid feeding in calves might accentuate the mismatch between the environment for which the offspring is prepared and the one in which it is actually born, which may have long-term deleterious consequences.
The aim of this study was to discuss the effect of the prenatal and post-natal environment on the later performance of dairy cows. Focus was put on the mismatch between these two environments in dairy heifers and its potential negative consequences on later performance.
| PRENATAL ENVIRONMENT

| Maternal milk yield and energy status
The first results of our studies revealed a negative impact of maternal milk yield-in terms of both level and duration-during gestation on the birthweight of the calf (Kamal et al., 2014) , which corresponded with results of previous studies (Swali & Wathes, 2006) .
These results indicate that maternal milk yield creates a suboptimal environment for the developing foetus, causing a reduction in intrauterine development, referred to as "intrauterine growth retardation" (IUGR) (Anthony et al., 2003; McMillen et al., 2001) . Lactating animals are generally fed according to their requirements, so the metabolic priority for lactation, rather than an absolute shortage of energy substrates per se, is believed to generate the adverse conditions for the offspring. As especially in cows selected for high milk yield, the lactating mammary gland has a much higher requirement for glucose than the gravid uterus (Bauman & Currie, 1980) , and the milk yield itself-through the high nutrient partitioning towards the udder-might negatively affect the nutrient supply to the developing embryo. In addition, the energy status of the dam, and especially the duration of negative energy balance, might be an influencing factor, rather than the amount of milk produced (Kamal et al., 2015; Senosy et al., 2012) .
Finally, the lower IGF-I and insulin concentrations in high-yielding cows (Taylor et al., 2004a; Taylor et al., 2004b ) may affect foetal IGF-I and insulin concentrations and contribute to the smaller size at birth (Swali & Wathes, 2006) .
As longer lactations-and shorter dry periods-imply both a larger and longer partitioning of nutrients towards the udder instead of to the calf, even more negative effects on the intrauterine environment are expected. As a consequence, especially the current selection for higher milk yield in combination with a high persistency (resulting in a shorter dry period) may have negative consequences on foetal development.
In addition to the negative impact on birth size, also the glucose-insulin metabolism was altered in offspring of high-yielding dams (Kamal et al., 2015) . Changes in the metabolic phenotype after IUGR have been repeatedly demonstrated in human babies Ong et al., 2000; de Rooij et al., 2006 ) and more recently in sheep (Ford et al., 2007; Gardner et al., 2005; Limesand et al., 2006) . Most of these studies conclude that IUGR babies are born with a higher peripheral insulin sensitivity in order to facilitate them to catch up their growth once they are born. 
| Maternal age and parity
The age of the dam has been shown to influence foetal development, associating both very young and older age with reduced birthweights.
In heifers, our study revealed a curvilinear relationship between the age of the dam and the birthweight of the calf (Kamal et al., 2014) .
As expected, neonatal calves born to very young heifers (<22 month of age) were found to have a comparatively lower body weight, suggesting the intrauterine environment to limit foetal calf growth in these dams. After all, when pregnancy coincides with continued growth in adolescent dams, the "normal" hierarchy of nutrient partitioning between maternal body growth and foetal growth is altered, causing the foetus to compete for nutrients with its mother's own metabolic needs (Wallace et al., 2006) . According to the studies of Wallace et al. (2006) , adolescent gestating ewes that were fed extra energy became overfat while the birthweight of their lambs remained relatively unaffected. Also in humans, young age has been shown to affect neonatal birthweight, associating growth of teenage mothers during gestation with increased risk of low birthweight babies (Chen et al., 2007) .
However, we also found older dams (>25.5 month) to give birth to smaller calves (Kamal et al., 2014) . We suggest that the late conception in these older heifers might have been caused by a suboptimal growth and be related to lower IGF-I concentrations, which might also be responsible for a smaller birth size of the calves (Brickell et al., 2009; Gutiérrez et al., 2013; Wathes et al., 2008) . Previous studies in cattle have revealed that in contrast to young age in heifers, older age in cows is negatively related to birthweight of the calves. Swali and Wathes (2006) described a tendency of low birthweight calves to be born out of older dams (three or more lactations), which by the authors was explained by the lower insulin and IGF-I concentrations in older dams (Taylor et al., 2004) .
In addition to the effects on the foetus, we also found the described maternal factors to have an impact on the placental characteristics (Van Eetvelde et al., 2016) . In both growing primi-gravid heifers and lactating cows, a large number of small cotyledons were found, as previously described in nutrient-restricted ewes (Clarke et al., 1998) .
Results of our study indicate that maternal milk yield and growth significantly challenge placental development, most likely caused by a shift in hierarchy for nutrient partitioning towards maternal milk yield (Bauman & Currie, 1980) or maternal tissue growth (Wallace et al., 2006) . It is suggested that the formation of extra placentomes could be a form of adaptation to the suboptimal circumstances early in gestation, allowing the pregnancy to survive. However, the precise mechanism and consequences of these adaptations have yet to be explored.
| Season and ambient temperature
Our studies revealed a significant seasonal influence on placental characteristics and phenotype of the offspring. When cows calved during the summer months, larger cotyledons were found on the foetal membranes. This indicates that at the end of gestation, an expansion of the cotyledonary surface is necessary to meet nutritional demands of the foetus (Van Eetvelde et al., 2016) , as by that time the placentome number is believed to be fixed (Assis Neto et al., 2009 ). In addition, summer-born calves had a reduced birthweight, lower insulin levels and a higher insulin sensitivity compared to calves born during the colder months (Kamal et al., 2014 (Kamal et al., , 2015 . These results indicate a compromised foetal development when the end of gestation occurs during the hotter months, probably caused by the higher ambient temperatures.
Placental studies in sheep have shown that higher temperatures result in a shift of blood flow to peripheral tissues leaving a reduced blood flow to the uterus (Dreiling et al., 1991; Reynolds et al., 2006) , impairing an adequate delivery of nutrients to the foetus. As, during this final period of pregnancy, the foetal nutrient demand is highest, we suggest that the placenta tries to compensate for the reduced nutrient supply by expanding its cotyledonary surface (Reynolds & Redmer, 1995) . In addition, the foetus might alter its metabolic phenotype to survive (Yates, Green, & Limesand, 2011) . By suppressing insulin secretion, the foetal metabolism ensures a sufficient glucose supply to the insulin-independent tissues (e.g., brain, nerves), preserving glucose for vital organs (Leos et al., 2010) . Eventually, when plasma insulin remains low, skeletal muscles might restore glucose uptake by increasing the receptor concentration, resulting in an enhanced insulin sensitivity (Limesand et al., 2006) . These adaptations of reduced insulin concentrations and enhanced insulin sensitivity have been previously found in calves following heat stress during lactation (Tao, Monteiro, Hayen, & Dahl, 2014) .
| CONSEQUENCES FOR LATER PERFORMANCE
| Growth and body composition
When calves are fed a limited diet, a moderate growth rate of calves with either a low or high birthweight has been described, which prevents low-weight calves to catch-up with their high-weight counterparts until breeding (or even calving) (Brickell et al., 2009; Swali & Wathes, 2006 ). Yet, when ad libitum feeding is applied, a significant increase in body weight is seen compared to limited fed calves (Maccari et al., 2015) , indicating a higher physiological feed intake.
In addition, with high feed levels (e.g., by automatic milk-feeding), a negative association between size at birth and growth rate during the first months of life is reported, suggesting a compensatory growth in smaller calves (Lundborg, Oltenacu, Maizon, Svensson, & Liberg, 2003; Svensson & Liberg, 2006) . This association between IUGR and accelerated growth during the early post-natal life has been repeatedly described in humans and is referred to as "catch-up growth" (Gafni & Baron, 2000) . Although this rapid growth may seem beneficial in the short term, as small calves have an increased risk of mortality and morbidity (Berglund, Steinbock, & Elvander, 2003; Windeyer et al., 2014) , negative consequences of catch-up growth during later life have been described.
During the process of catch-up growth, a higher accretion of fat mass compared to lean mass has been shown in several species (Ford et al., 2007; Jimenez-Chillaron et al., 2006) . This might be explained by the fact that, during suboptimal prenatal conditions, vital organs are preserved, possibly at the expense of less vital tissues (Long, Vonnahme, Hess, Nathanielsz, & Ford, 2009 ). Skeletal muscle is one of the tissues with a lower priority in nutrient partitioning, rendering this tissue particularly vulnerable to nutrient deficiency. Moreover, as no further increase in number of muscle fibres occurs after birth (Greenwood, Hunt, Hermanson, & Bell, 2000) , prenatal impairment of muscle development is very likely to have consequences on post-natal body growth and adiposity. Zhu et al. (2006) showed a reduced muscle mass and altered muscle fibre distribution in offspring of nutrientrestricted ewes (Burt, Hess, Nathanielsz, Nijland, & Ford, 2005) , which might result in a reduced lean tissue growth and predisposition for adiposity during early life (Greenwood et al., 2000; Harding, 2003) . Swali and Wathes (2007) reported that heifers who experienced catch-up growth during early life had an only slightly higher body weight but lost more weight after their first parturition. This may indicate a greater degree of body tissue mobilization and/or greater reduction in appetite.
As in dairy cattle overconditioning is associated with insulin resistance and metabolic disorders (De Koster & Opsomer, 2013) , the potential higher chance of obesity at first calving in rapid-growing calves might be at least partly responsible for the increased risk of a wide variety of diseases around parturition in modern dairy cattle.
| Fertility
In human medicine, it has been shown that IUGR babies that experience catch-up growth are more prone to develop early pubarche (Ibáñez, Potau, Francois, & de Zegher, 1998) , but also reproductive disorders such as polycystic ovarian syndrome (Ibánez et al., 2008) .
However, the association between catch-up growth and fertility in dairy cattle is not unambiguous. Swali and Wathes (2007) reported an increased conception rate in offspring of primiparous dams, despite their lower birthweight and early catch-up growth. On the other hand, heifers growing fast during the first months of life have been shown to be younger at first breeding but need more inseminations to become pregnant, resulting in a similar age at first calving compared to their slower growing peers (Brickell et al., 2009) . Hence, the metabolic alterations caused by of a poor prenatal environment (as we have shown in high-producing dairy cattle) may at least partly explain the increased fertility problems currently mentioned in highyielding cows.
| Metabolic health and lifespan
As previously mentioned, several studies have reported an effect of maternal milk yield on offspring performance and longevity (Berry et al., 2008; González-Recio et al., 2012) . However, the underlying mechanisms, and specifically the effects of an altered offspring metabolism, are largely unknown.
The low insulin secretion and high insulin sensitivity reported in IUGR calves (Kamal et al., 2015; Tao et al., 2014) show remarkable similarities with the human situation. Small babies are known to be born with an increased insulin sensitivity, at least with respect to glucose, resembling conditions of prolonged fasting and are associated with a rapid post-natal body growth (Ibáñez, Ong, Dunger, & de Zegher, 2006 ). Yet, in those insulin sensitive children, the early catch-up growth leads to obesity and a concomitant reversion of the metabolic situation at an age of approximately 1 year, the latter being characterized by increased fasting insulin levels and peripheral insulin resistance (Ibáñez et al., 2006; Soto et al., 2003) . Hence, IUGR and catch-up growth have been associated with an increased risk of obesity, diabetes and cardiovascular diseases (Mericq et al., 2017) . In addition to these adverse health consequences, a reduced lifespan has been recorded in different species that are confronted with this mismatch between the "stressed" prenatal and "abundant" post-natal period (Langley-Evans & Sculley, 2006; Ozanne & Hales, 2005) .
Based on the similarities between metabolic states in humans and dairy cows (De Koster & Opsomer, 2012) , we suggest comparable mechanisms to take place in growing young stock. Hence, calves born with a lower peripheral insulin concentration, indicative for a higher insulin sensitivity, might have a rapid body growth but also a higher risk for obesity and insulin resistance by the time they reach their first calving. As it is generally accepted that in an insulin-resistant state glucose is safeguarded from being used by the peripheral tissues, more glucose will be directed to the udder (De Koster and Opsomer 2013) . Hence, the adapted insulin metabolism might stimulate the first lactation milk yield of dairy heifers as has been clearly demonstrated in studies showing positive results of accelerated feeding on first lactation yield (Moallem et al., 2010; Shamay et al., 2005) . However, also the potential role of this altered metabolic phenotype in the development of metabolic problems and a reduced lifespan, which are common in modern dairy cows, should not be neglected.
It is very difficult to distinguish the individual effects of prenatal and post-natal environment. In particular, the effect of a rapid postnatal growth per se (irrespective of birthweight) on the adult phenotype is difficult to assess, as it was in most cases preceded by a reduced prenatal growth (Jimenez-Chillaron & Patti, 2007) . Studies in mice, however, have provided evidence for the fact that early post-natal catch-up growth is the key risk factor for metabolic problems during later life. While mice with a low birthweight exhibiting post-natal catch-up growth develop obesity and diabetes, prevention of postnatal catch-up growth increases metabolic health and lifespan (Bieswal et al., 2006) . In accordance, human studies have shown that a lower nutrient intake and slower growth early in post-natal life (irrespective of birth size) have beneficial effects on later health (Singhal et al., 2003) .
| IMPLICATIONS FOR REPLACEMENT HEIFER REARING PRACTICES
Results of previous studies provide evidence that modulations during both pre-and post-natal growth can have long-lasting consequences for later performance. As cows are selected for high milk yield and prioritize milk production despite their energy level, it might be difficult to intervene during the prenatal timeframe. Yet, there may be an opportunity for interventions during early post-natal life in calves, by F I G U R E 1 Review of the pre-and postnatal factors influencing the newborn phenotype in Holstein calves and stressing the potential consequences in case of a match or mismatch between these factors in terms of health, production and fertility in adult life. modulating the catch-up growth and preventing the development of metabolic diseases in later life (Jimenez-Chillaron et al., 2006) . Recent studies have shown both a very limited and an enhanced diet in young calves to have potential negative consequences for their later performance (Bazeley et al., 2016; Brickell et al., 2009; Moallem et al., 2010; Shamay et al., 2005) . Hence, the principal challenge is to develop an optimal growth rate, ensuring a short-term survival and resistance against diseases, without disturbing fertility and metabolic health in later life.
| CONCLUSIONS
Results of our studies concerning programming in dairy cattle reveal significant maternal and environmental effects on the size and metabolism of the newborn calf. These findings are similar to those reported in human IUGR babies and are most likely induced by a suboptimal intrauterine environment, caused by high milk yield and/or continued growth of the pregnant dam. On the other hand, post-natally, farmers generally accentuate the accelerated growth in these calves by maximizing their feed intake during the first months of life. According to studies performed in human medicine, this early "catch-up" growth has negative consequences on their later fertility, metabolic health and lifespan.
Based on the similarities with human research, we hypothesize that, specifically in dairy cattle, our current management is characterized by a distinct mismatch between the pre-and post-natal environment. Hence, this may have detrimental consequences for the cows' fertility, metabolic health and lifespan (Figure 1 ). Although more research is warranted, this innovative viewpoints towards the need for an individual approach when rearing dairy calves, to maximize lifetime production and overall profitability.
